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• Single pass UVC air treatment effectively inactivated coronavirus bioaerosols 20 

• PTFE liners increased irradiance by up to 34% vs standard Al reflectors 

• The increased irradiance resulted in an additional 1-log inactivation of 

pathogens 

• Scenario based modelling suggested 89% reduction in airborne viral load in a 

room 25 
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Abstract 

There is strong evidence that SARS-CoV-2 is spread predominantly by airborne 40 

transmission, with high viral loads released into the air as respiratory droplets and 

aerosols from the infected subject. The spread and persistence of SARS-CoV-2 in 

diverse indoor environments reinforces the urgent need to supplement distancing and 

PPE based approaches with effective engineering measures for microbial 

decontamination – thereby addressing the significant risk posed by aerosols. We 45 

hypothesized that a portable, single-pass UVC air treatment device (air flow 1254 

L/min) could effectively inactivate bioaerosols containing bacterial and viral indicator 

organisms, and coronavirus without reliance on filtration technology, at reasonable 

scale. Robust experiments demonstrated UVC dose dependent inactivation of 

Staphylococcus aureus (UV rate constant (k) = 0.098 m2/J) and bacteriophage MS2, 50 

with up to 6-log MS2 reduction achieved in a single pass through the system (k = 0.119 

m2/J).  The inclusion of a PTFE diffuse reflector increased the effective UVC dose by 

up to 34% in comparison to a standard Al foil reflector (with identical lamp output), 

resulting in significant additional pathogen inactivation (1-log S. aureus and MS2, 

p<0.001).  Complete inactivation of bovine coronavirus bioaerosols was demonstrated 55 

through tissue culture infectivity (2.4-log reduction) and RT-qPCR analysis – 

confirming single pass UVC treatment to effectively deactivate coronavirus to the limit 

of detection of the culture-based method.  Scenario-based modelling was used to 

investigate the reduction in risk of airborne person to person transmission based upon 

a single infected subject within the small room.  Use of the system providing 5 air 60 

changes per hour was shown to significantly reduce airborne viral load and maintain 

low numbers of RNA copies when the infected subject remained in the room, reducing 

the risk of airborne pathogen transmission to other room users.  We conclude that the 

application of single-pass UVC systems (without reliance on HEPA filtration) could 

play a critical role in reducing the risk of airborne pathogen transfer, including SARS-65 

CoV2, in locations where adequate fresh air ventilation cannot be implemented. 

 

Keywords: UVC, air treatment, air sterilisation, SARS-CoV-2, MS2, PTFE. 
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1. Introduction 

The SARS-CoV-2 (COVID-19, genus Betacoronavirus, subgenus Sarbecovirus) 

pandemic has caused significant morbidity, mortality and global disruption (Wu et al., 75 

2020; Huang et al., 2020). In response governments have implemented a series of 

measures under emergency powers including mandatory lockdowns, closing of non-

essential businesses, the requirement of wearing face coverings in public buildings, 

and social distancing, together with technical measures, including track and trace 

systems - but change is afoot with society now reopening.  As the pandemic has 80 

progressed airborne transmission is now widely considered to be the main mode of 

transmission of SARS-CoV-2 (WHO, 2021; Greenhalgh et al., 2021; Nannu Shankar 

et al., 2022). People suffering from COVID release SARS CoV-2 particles within 

droplets when they exhale (e.g., breathing, speaking, singing, exercise, coughing, 

sneezing) and as such the risk of spread and persistence of SARS-CoV-2 in diverse 85 

indoor environments, including healthcare communities (Zhou et al. 2021), 

educational establishments, residential areas, working spaces, retail, travel, hospitality 

and recreational areas, underlines the urgent need for the development of effective 

decontamination approaches which do not rely solely on individual action (Tang et al., 

2021; Wu et al., 2020; Lancet, 2020).  Given evidence of the stability of SARS-CoV-2 90 

aerosols with high levels of infectivity for at least 3 h (van Doremalen et al., 2020), 

effective engineering controls could play an important role to reduce the level of 

biological contaminants within indoor air as part of the strategy to permit safe access 

to indoor spaces (Zhang et al., 2011; Lewis, 2021) (but they should not be considered 

a magic bullet).  Appropriate building engineering controls include effective fresh air 95 

ventilation, possibly enhanced by particle filtration and/or air disinfection, with care 

taken to reduce ‘stale’ air recirculation and prevent overcrowding (Lewis, 2021), 

however, there are many environments where sufficient ventilation cannot be supplied 

and invariably thermal comfort in many settings needs also to be addressed. 

Various chemical and physical based technologies could be adopted to remove 100 

coronaviruses from air, as recently reviewed by Berry et al., (2022), with UV irradiation 

commonly implemented due to its well understood and highly efficacious mode of 

action, coupled to chemical-free and low-cost production technologies (Nardell, 2021; 

Chiappa et al., 2021).  In terms of general pathogen removal, ultraviolet germicidal 

irradiation (UVGI) has a multi-modal mechanism of inactivation which includes 105 

damage to nucleic acids (Rastogi et al, 2010; Beck et al., 2016), proteins (Eischeid, 
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2011), and/or internal production of oxygen radicals (Gerchman et al., 2019). Whilst 

the mechanism of inactivation depends on the UV wavelength(s) applied (UVC 200 - 

280 nm; UVB 280 - 315 nm; UVA (315 - 380 nm), UVC with wavelength 254 nm is 

predominantly employed for effective, fast germicidal applications - based upon the 110 

peak DNA absorption at 260 nm (Eischeid, 2011). 

Retrofitting large air treatment devices into existing buildings is likely to be prohibitively 

expensive (Megaheda et al., 2020) and in many cases unnecessary if other 

interventions are deemed appropriate, however, significant transmission risk remains 

in highly populated indoor spaces in which adequate ventilation cannot be ensured 115 

(Morawska et al., 2020). The ability to deploy an effective, self-contained, room-based 

air disinfection unit capable of high throughput air exchange of between 4 and 10 air 

changes per hour (ACH), could be an important cost-effective tool to reduce the risk 

of airborne pathogen transfer, thereby aiding in the development of a safer working 

environment for small, medium and large spaces (SAGE, 2020; Elias et al., 2020).  120 

Recent studies have confirmed that as little as 2-ACH can be more effective than mask 

wearing within indoor spaces (Shah et al., 2021).  Modelling the effect of air 

sterilisation systems to reduce viral load can aid understanding of the potential 

reduction in risk of person-to-person transmission in poorly ventilated indoor spaces.  

The risk of airborne cross-infection has been investigated via mass balance models to 125 

determine the role of transient effects and the role purging room air during breaks 

(Melikov et al., 2020), with Jones et al. (2021) developing a relative exposure index 

considering factors that increase the likelihood of far field (> 2 m) exposure to SARS-

CoV-2.  Coupled to robust testing of system efficacy, an understanding of the reduction 

in the risk of person-to-person transmission through introduction of air sterilization 130 

systems, could play an important role in demonstrating the impact and value of air 

sterilization in poorly ventilated spaces. 

 

Whilst there has been significant research into UVGI technologies for disinfection of 

air over many years (as reviewed by Reed, 2010) the majority of commercial UVGI 135 

system lack independent data to support the efficacy of the device, often place 

significant reliance on pre-HEPA filtration and thereby do not address the primary 

technical challenge of delivery of sufficient UV dose to large volumes of air (Cutler and 

Zimmerman, 2011).  Recent academic interest has been focused on small scale, 

laboratory-based experiments demonstrating efficacy against liquid-based pathogens 140 
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placed on surfaces, including SARS-CoV-2 (Inagaki et al., 2020), or examination of 

novel UV sources which require significant exposure times - without attempt to 

consider scale-up or application of treatment to indoor spaces with realistic 

timeframes.  For example, Buonanno et al. (2020) demonstrated the effectiveness of 

222-nm (far-UVC) towards viral airborne influenza virus, concluding that ~25 min 145 

exposure would be required to attain 99.9% inactivation, and whilst this is promising 

with respect to human safety, the current cost of the technology and energy delivered 

prevent practical application.  The application of UVC LED technology has also been 

reported to be effective against coronaviruses in liquid suspension tests however, 

again, cost-effective commercial application is challenging (Gerchman et al., 2020). 150 

UVGI microbial inactivation kinetics are directly related to the total UV energy 

absorbed, with engineering approaches often focused on understanding system UV 

dose (a function of irradiance and exposure time). To reduce power input, approaches 

to enhance UV dose through implementation of reflective surfaces on the chamber 

walls has gained attention (Ryan et al., 2010; Thatcher and Adams, 2021).  A wide 155 

range of materials have been examined for this purpose, including polished metals 

(specular reflectors) and metal oxide films, with a range of specifically modified 

polymers now becoming available, including sintered polytetrafluorethylene (PTFE) for 

which >98% diffuse (or Lambertian) reflectivity in the UV range has been reported 

(Janecek, 2012). 160 

Seminal work by Jensen (1964, 1967), Tseng and Li (2005) and Walker and Ko (2007) 

reported the inactivation of aerosolised coxsackie, influenza, Sindbis, and vaccinia 

viruses, a range of bacteriophages and MS2, and adenovirus and murine coronavirus, 

respectively, demonstrating the effect of UV dose on the inactivation kinetics.  

However, only a small number of studies focus on developing understanding of the 165 

properties and application of reflectors for UVC air disinfection. Ryan et al. (2010) 

discussed UVGI treatment of Bacillus subtilis and Mycobacterium parafortuitum, 

demonstrating an enhanced fluence rate – by a factor of 1.6 – upon inclusion of a 

proprietary high-reflectance surface coating (>90% reflectance at 254 nm) over bare 

uncoated aluminium.  Thatcher and Adams (2021) recently modelled the effects of 170 

inclusion of PTFE reflective materials in an LED-based air treatment duct and 

conducted small scale experiments demonstrating a 3-log inactivation of 

Staphylococcus aureus in a 20 x 20 x 120 mm prototype duct under low flow conditions 

(0 to 70 L/min).  To further understand the effects of fluence, reflectors and geometry 
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within small footprint LED based UVC systems, computational analysis was 175 

undertaken by Lombini et al. (2021) in which simulations suggested efficacy against 

SARS-CoV-2 in high air flux systems. 

Given the paucity of published literature relating to potential efficacy of UVC air 

treatment to aid in reduction of person-to-person transmission of SARS-CoV-2, the 

aim of this work was to investigate the efficacy of a high velocity, single pass system 180 

to deactivate relevant model pathogens (MS2, Staphylococcus aureus, bovine 

coronavirus) – thereby negating the need for recirculation of air multiple times through 

the device and/or reliance on HEPA filtration.  To aid with translation of the lab-based 

data to real world environments, scenario-based modelling was implemented within a 

small indoor space to investigate the potential to reduce the risk of person-to-person 185 

transmission. 

 

2. Materials and Methods 

2.1 UVC device specification 

A UVC air treatment device was developed in collaboration with Ilimex (Ballycastle, 190 

Co. Antrim, UK) comprising a stainless-steel housing (1 mm material thickness) and 

baffles to create three consecutive UVC exposure chambers (1000 (l) x 68 (w) x 97 

(h) mm) resulting in a treatment pathlength of 2.775 m and chamber volume of 0.018 

m3 (Figure 1).  Air passed from chamber 1 to 2 (and 2 to 3) via a 50 × 86 mm window 

in the respective baffle plate. The system included 5 compact UVC lamps (Philips TUV 195 

PL-L 55 W, peak emission 254 nm), arranged in series along the length of the 

chamber.  Independent operation permitted examination of increasing UVC output.  

Lamps were secured to a stainless-steel lid and when assembled the sources were 

maintained at a height of 90 mm (right hand lamp) and 50 mm (left hand lamp) from 

the floor of chambers 1, 2 and 3 (i.e. within the void through which the air passed).  200 

The lid was screwed onto the chamber walls and internally sealed via inclusion of a 

foam-based adhesive along the top surface of the perimeter wall and chamber baffles.  

A 12V DC fan blower (Delta Electronics, BFB1212GH-AF00) was secured in place at 

the air inlet.  A HEPA/carbon filter (Maxvac) was included after the air sampling port 

simply to remove dust from within the environment.  The walls, floor and roof of the 205 

system were lined with either highly polished aluminium foil (Bacofoil, UK) or 2 mm 

thick polytetrafluoroethylene (optical PTFE) foam (Porex, Virtek PMR20).  Air speed 

was measured using a vane anemometer (Infurider YF-866B) at the fan exit, the 
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window between chamber 1 and 2, and at the exit port, with the average volumetric 

flow rate calculated to be 1254 L/min (0.021 m3/s) – the size of the anemometer 210 

ensured measurement of air flow at the boundary layer.  UVC exposure time was 

therefore calculated to be 0.29 s in chamber 1, 0.57 s chamber 1 & 2, with a maximum 

exposure time of 0.86 s (chamber 1, 2 & 3). 

 

 215 

Figure 1: Schematic representation of the UVC air treatment device  

 

2.2  Quantification of UVC dose  

UVC intensity was measured using a radiometer (Linshang, LS125) with a 254-nm 

sensor (Linshang, UVC-X0, radiant power measured between 230–280 nm).  UVC 220 

lamps were permitted 30 min to warm up prior to any experimentation.  To profile UVC 

irradiance along length of the chamber, the radiometer sensor was placed in the centre 

of the floor of chamber 1 (sensor window at 2.5 cm from the wall) with facial intensity 

recorded at 2 cm intervals along the entire length of the chamber.  Measurements 

were recorded in duplicate with the chamber lined with aluminium foil or PTFE 225 

reflector, and during irradiation with 1, then 2 UVC lamps.  The effect of reflector 

material on measured UVC dose was evaluated, where dose is defined as the product 

of exposure time and UV irradiance between 230–280 nm, in-keeping with Bolton’s 

definition ‘the total radiant power incident from all upward directions on an infinitesimal 

element of surface of area A, containing the point under consideration divided by A’ 230 
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(Bolton and Linden, 2003).  The first-order decay rate constant (k) was calculated 

using (Kowalski, 2009): 

 

                                                    S = e−kD         (Eq. 1) 

where, S = Survival, fractional (i.e. the number of viable microorganisms downstream 235 

of UV-C exposure / number of viable microorganisms upstream of UV-C); k = UV rate 

constant, m2/J; and D = UV exposure dose (fluence), J/m2. 

 

2.3 Chemicals, glassware and media  

All glassware was sterilised by soaking overnight in 1% Virkon (Antec, UK) and steam 240 

sterilised in an autoclave at 121 °C for 15 min prior to use. All culture media (Oxoid, 

UK) was prepared as per the manufacturer’s instructions. Phosphate buffered saline 

(Oxoid, UK) was prepared in deionised water and steam sterilised in an autoclave prior 

to use. 

 245 

2.4 Preparation and enumeration of microorganisms 

Staphylococcus aureus (ATCC 29213) and Escherichia coli (ATCC 15597) were 

cultured at 37 °C using Tryptone Soya Broth (TSB) and Tryptone Soya Agar (TSA). 

The bacterial coliphage MS2 (ATCC 15597-B1) was grown with strain E. coli as the 

host in TSB and harvested using chloroform and filtration (0.2 µM) as described by 250 

Bonilla et al. (2016) to a confirmed titre of 1.3 x1012 PFU/mL.  All bacterial and MS2 

stocks were stored at -80 °C in glycerol stocks. 

In preparation for treatment experiments, S. aureus was inoculated into 10 mL of TSB 

and grown for 18 h at 37 °C at 200 rpm in 50 mL sterile centrifuge tubes (Merck, Dorset 

UK). Consistent amounts of S. aureus cells were obtained from overnight cultures (3.2 255 

x109 to 3.3 x109 CFU/mL).  A frozen aliquot of MS2 stock was thawed on ice with a 

reproducible titre of between 1.30 x1012 to 1.64 x1012 PFU/mL.  All MS2 phage 

samples were enumerated using the soft agar (TSA) overlay (double-agar layer) 

method with E. coli strain ATCC 15597 as the host.  S. aureus concentrations were 

determined using the spread plate method on TSA after culture for 24 h at 37 °C 260 

(Missiakas and Schneewind, 2013).  Upon receipt of treated samples from the 

biosampler, samples were serially diluted in PBS with bacterial and MS2 viability 

assessed by triplicate plate count. 
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2.5 Growth of bovine coronavirus and titre confirmation 265 

Bovine coronavirus (BCoV) isolate 438/06 originating from 2 - 3 month-old cattle in 

Italy was stored at -80 °C until cultivation. MDBK cells ATCC CCL 22 (Public Health, 

Salisbury, UK) were grown to 90% confluency in Minimum Essential Media (Gibco, 

Cambridge, UK) and infected at a multiplicity of infection of 0.001 to produce a BCoV 

stock. BCoV stock titre was confirmed by Median Tissue Culture Infectious Dose 270 

(TCID50) in MDBK cells via serial dilution to be 109 TCID50/ml. 

 

2.6 Enumeration of bovine CoV  

Upon receipt of treated samples, an aliquot was prepared through a series of 10-fold 

dilutions (10-1 to 10-11) in MEM media supplemented with penicillin (100 U mL-1), 275 

streptomycin (100 ug mL-1), non-essential amino acid solution (1x) and L-Glutamine 

(2 mM).  In replicates of 8, 200 L aliquots of diluted samples were added to pre-

washed MDBK cells in 96-well plates and incubated at 37 °C for 7 days prior to 

observation of cytopathic effect via microscopy (Leica DMi1 microscope).  TCID50 

values were calculated using the Reed-Muench method. 280 

 

2.7 Methods for PCR 

RNA extraction of BCoV samples was undertaken using the QIAamp Viral RNA Mini 

kit (Qiagen).  One-step reverse transcription real-time PCR was performed using the 

ViroReal Bovine Coronavirus Kit (Ingenetix) on a LightCycler® 480 II (Roche). 285 

 

2.8 Bioaerosol production and air sampling 

Bioaerosols were generated using a single-jet particle generating atomizer (model 

9302, TSI Instruments, Buckinghamshire, UK) and directed into the air intake of the 

air treatment system (Figure 1), whereby the atomiser nozzle was inserted through the 290 

top surface of the stainless-steel casing via a 10 mm diameter hole to a depth of 15 

mm below the surface, delivering bioaerosol from the 3 mm internal diameter nozzle 

tip towards the system fan.  Air samples were collected using a biosampler, (BioLite+ 

Pump, SKC Limited, Dorset, UK), with air sampled at the end of the UVC chamber, 

prior to HEPA filter. The sampling probe consisted of a 10 mm internal diameter 295 

silicone tube extended into the middle of the chamber (50 mm below the top surface 
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of the treatment system).  The biosampler withdrew air samples at a fixed rate of 12.5 

L/min with sonic flow delivering all airborne particles into 20 mL of sterile PBS. 

All equipment was maintained in a vented and extracted air handling cabinet, based 

upon the methods reported by Turgeon et al. (2014). The atomiser delivering microbial 300 

suspension droplet-based vapour at a flow rate of 12 mL per hour, with a number mean 

particle diameter of approx. 0.8 to 1.5 µm (at 25 psi) – representing small, expired 

droplets from human subjects (expired droplet size is reported to be within the range 

of 0.1 μm to 1 mm, with greater than 5 µm often considered the ‘large’ droplets that 

fall with gravity (Mittal et al., 2020; Blocken et al., 2021).  For each treatment 305 

experiment, 1 mL of MS2, or S. aureus, was diluted 1/100 in sterile PBS and 

transferred to the atomiser reservoir which was kept at room temperature for the 

duration of all treatment runs.  For assessment of BCoV, viral particles from stock were 

diluted 1/10 in MEM media. 

Air sampling was conducted for periods of 30 min (sampling 375 L of air per 310 

experiment), followed by serial dilution of the biosampler vial contents in sterile PBS 

and enumeration of microbes as described above.  Air temperature and relative 

humidity were not specifically controlled within the air handling cabinet, but frequently 

measured at 50 ± 2% RH and 18 ±2 °C (typical indoor air conditions).  During UVC 

treatments the temperature of the device was measured at 30 min intervals with an 315 

infrared thermometer ((MM-IT01, Max Measure, UK), and at no time did the system 

temperature rise above 40oC. 

 

2.9 Control experiments and statistical analysis 

Control experiments were performed to determine the effects of atomisation on 320 

microbial viability, using samples removed from the atomiser reservoir and samples of 

atomised microbes collected by condensation into a sterile Falcon tube.  Baseline ‘air 

only’ experiments (0 mJ/cm2 UVC) were conducted with passage of microbes through 

the device assessed in quadruplicate.  Each UVC exposure experiment was repeated 

in duplicate, with replicate experimental runs conducted with new pathogen stock.  325 

Data points from culture-based enumeration methods and repeated experimental 

analysis are reported as mean values.  A two-tailed t-test was used to assess 

significance of the inclusion of the PTFE liner. 

 

 330 
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2.10 Scenario based risk modelling 

The model developed by Jones et al. (2021) for estimation of the relative risk of 

exposure to SARS-CoV-2 was adopted to investigate the practical application of the 

prototype device to remove COVID-19 RNA copies in an appropriate small room (e.g. 

medical examination room, small office etc of 15 m3).  We consider that the space has 335 

no fresh air ventilation, with the UVC prototype implementing 5 air changes per hour 

(ACH) (SAGE, 2020) with the lowest UVC dose (the system with a single lamp would 

have the footprint of a shoe box). The scenario considered a single infector (an adult 

male) sitting for 5 h shedding virus at a constant rate (G = 29.2 RNA copies/s, as 

described in detail by Jones et al. (2021)).  The air within the room was assumed to 340 

be well-mixed with virus removal due to only biological decay and UVC inactivation 

within the treatment system.  The rate of change in the number of viral RNA copies (n) 

in the space at time t (s) was expressed as: 

𝑑𝑛

𝑑𝑡
= 𝐺 − 𝑛(𝑡)𝜙 (Eq. 2) 

where 𝜙 (s-1) is the total removal rate, calculated as the sum of biological decay (λ= 345 

0.000148 s-1), surface deposition (γ= 0.000143 s-1), and the ventilation removal rate 

of the device based on the 2.4-log inactivation of bovine CoV achieved with the 

minimal UVC dose of the prototype (5 mJ/cm2), ψ= 0.00139 s-1. 

 

The effect of the system on airborne viral load was investigated for a period of 5 h 350 

through three scenarios in which the infected subject remained seated in the room: (i) 

the UVC device turned off; (ii) the device turned on as the subject enters the room at 

time zero; (iii) subject entering at time zero, with the device turned on at t = 2.5 h.  The 

Relative Exposure Index (REI) approach of Jones et al (2021) was adopted to 

determine the impact of system introduction with one room occupant exposed to the 355 

single infected subject over a 5h period (respiratory activity 75% breathing: 25% 

talking, no natural ventilation); given these constraints, the rate of reduction in the 

number of RNA copies equals the rate of change in the REI. 

 

 360 
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3. Results & Discussion 

3.1  Assessment of UV fluence rate and UV dose 365 

Figure 2 details the irradiance profile at the chamber floor as a function of Al or PTFE 

reflector during exposure to single or dual lamps (sensor positioned at a height of 15 

mm from the lamp).  Lower output is measured at either end of the fluorescent tube, 

due to a reduction in direct irradiation.  The intensity was observed to vary along the 

length of the chamber, rising to a peak in the middle of the chamber resulting from the 370 

short overlap of sources in the dual lamp system.  The fluctuation in intensity with the 

polished Al foil liner, in comparison to the smooth response of the PTFE, results from 

minor creasing during manual placement of the Al liner and the specular and diffuse 

reflective property of the materials, respectively.  

 375 

 

Figure 2:  Irradiance profile within the air treatment chamber demonstrating a 

significant enhancement in UVC irradiance upon inclusion of PTFE liner in comparison 

to Al foil. 

 380 

Increased facial intensity was observed with the PTFE liner vs the Al foil, resulting from 

additional reflectivity at 254 nm for PTFE (>97%) in comparison to Al (~ 75%) primarily 

due to the diffuse property of the sintered PTFE (Quill et al., 2016).  Analysis of the 

cumulative energy from a single lamp demonstrated a 34% increase upon inclusion of 

the PTFE chamber liner (vs Al foil), with an 11% increase observed with dual lamp.  385 
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Commercial literature often describes a greater increase in reflected energy through 

inclusion of PTFE materials in comparison to metallic reflectors (Porex, 2021; de 

Sternberg Stojalowski and Fairfoull, 2021), though measurements are made using 

low-power sources and at distances of up to 1.5 m from the source via qualitative 

sensors, thus preventing a direct comparison. 390 

 

Cumulative irradiance divided by the sampled area (base of chamber 1) permitted 

calculation of the area-weighted average facial intensity (mW/cm2), which is often 

considered equivalent to the minimal fluence rate.  The product of exposure time and 

fluence rate dictated the fluence, the UV dose (mJ/cm2), as reported in Table 1. 395 

 

Table 1:  Calculated UV dose relative to number of lamps and reflector material. 

Lamps 
 

Active 

chambers 

Exposure 

time (s) 

UV dose Al 

(mJ/cm2) 

UV dose PTFE 

(mJ/cm2) 

1 1 0.29 3.72 5.00 

2 1 0.29 7.42 8.27 

3 1 & 2 0.59 11.14 13.27 

4 1 & 2 0.59 14.84 16.54 

5 1 & 2 & 3 0.86 18.56 21.54 

 

The challenges of accurate measurement and modelling of UV dose and the 

associated comparison to microbial inactivation have been raised by several authors.  400 

Ryan et al., determined the fluence rate via actinometry and a radiometric approach 

yielding reasonable agreement (12% difference) describing how classical fluence 

models do not accurately reflect complex system geometries nor consider UV 

reflection or air flow profiles (Ryan et al., 2010).  To aid in reactor development, 

Retamar et al. (2019) proposed a radiation field model for an annular reactor and 405 

demonstrated validity through radiometric measurement and experimentation.  Given 

the debate, the work in this manuscript follows recommendations by Lombini et al. 

(2021), and references within, who draw particular attention to the necessity of 

experimental validation of microbial inactivation rather than reliance on prediction from 

energy/dose measurements. 410 
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3.2 Bioaerosol characterization 

To ensure a standardised approach to determination of microbial inactivation during 

treatment, regular pre-assessments and controls were routinely conducted.  

Enumeration of diluted stock MS2 from the atomiser reservoir at start and end of 415 

experimental sessions confirmed viability with a concentration of 10.1 log ±10% 

observed throughout long (8 h) experimental runs. Enumeration of atomised MS2 

samples collected directly at the atomiser exit via condensation into a Falcon tube, 

consistently yielded concentrations matching that of the atomiser reservoir 

demonstrating the coliphage to be resilient to the atomisation process.  Air sampled 420 

directly from the atomiser exit confirmed passage and collation of MS2 in the 

biosampler reservoir without loss viability.  Similar findings were reported by Turgeon 

et al. (2014), who demonstrated the stability of MS2 upon atomisation and biosampling 

with a range of equipment and supporting media. 

 425 

Likewise, with S. aureus, atomisation alone did not affect viability with 7.46 log ±10% 

quantified per mL.  Processing atomised S. aureus directly into the biosampler resulted 

in a 0.88 ± 0.12 log reduction due to physical / mechanical inactivation, demonstrating 

the gentle nature of the biosampler sonic flow technology towards bacteria. 

 430 

3.3 UVC inactivation of aerosolised MS2 and S. aureus 

Tables 2 and 3 summarise MS2 and S. aureus inactivation, respectively.  Baseline 

control experiments in the absence of UV (0 mJ/cm2), termed ‘air only’, were 

undertaken to permit direct comparison of the effect of increasing UV dose.  Following 

30 min ‘air only’ treatment, the MS2 titre at the sampling port was determined to be 435 

6.48 ± 0.17 log PFU/mL; in-keeping with the expected dilution factor and therefore 

demonstrating capacity within the experimental set-up and methods to assess up to 

6-log inactivation resulting solely from the effects of UV treatment.  Passage of 

aerosolized S. aureus through the treatment device with ‘air only’ resulted in recovery 

of 4.70 ± 0.16 log CFU/mL, representing the maximum inactivation quantifiable with 440 

UV treatment. 

 

Inactivation experiments were performed with increasing number of UV sources, 

demonstrating a dose dependent response (Tables 2 and 3 and Figure 3).  Complete 

inactivation (4.7 log) of S. aureus was achieved with lower energy upon inclusion of 445 
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the PTFE liner (1.25 log difference when compared to Al foil; p<0.001) demonstrating 

the practical effect of the enhanced diffuse reflectivity of the PTFE liner.  Increased 

UVC dose was required to reach complete inactivation of MS2, however a 6.48 log 

reduction was confirmed.  The increased reflectivity of the PTFE liner again 

demonstrated a practical effect with approx. 1-log additional inactivation (p<0.01) 450 

observed when compared to Al wall liners with equivalent lamp output.  Figure 3 shows 

the UV survival curve for MS2 and S. aureus, in which the D90 for MS2 (dose required 

for 90% MS2 inactivation) equals 20 J/m2 with an inactivation rate constant (k) of 0.119 

m2/J, both figures lying within the range reported by Tseng and Li (2005) and Walker 

and Ko (2007); and a D90 and k for S. aureus equal to 23 J/m2 and 0.098 m2/J 455 

respectively.  

We report large velocity UV sterilisation (1254 L/min) attaining 6-log inactivation of 

MS2 via single pass treatment, without reliance on HEPA filtration.  Previous work in 

this area has been primarily based on laboratory systems with low flow rates (e.g. 0.2 

to 4 L/min (Ryan, 2010), 33 L/min (Retamar et al., 2019), 60 L/min (Walker and Ko, 460 

2007) and up to 120 L/min (Thatcher and Adams, 2021) where multiple passes and 

very small air change rates prevent practical application to the challenge presented by 

airborne viral pathogens within indoor spaces. 

 
Table 2:  Reduction in number of coliphage MS2 with respect to UVC dose and 465 

reflector material. 

Reflective 

surface 

UV dose 

(mJ/cm2) 

Mean log count 

(PFU/mL) ± SD 
Log reduction 

- 0 6.48 ± 0.17 - 

Al foil 3.72 4.43 ± 0.05 2.05 

PTFE 5.00 3.16 ± 0.11 3.32 

Al foil 7.42 3.51 ± 0.10 2.97 

PTFE 8.27 2.32 ±0.09 4.16 

Al foil 11.14 0 6.48 

PTFE 13.27 0 6.48 

Al foil 14.84 0 6.48 

PTFE 16.54 0 6.48 

Al foil 18.56 0 6.48 

PTFE 21.54 0 6.48 
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Table 3:  Reduction in number of S. aureus with respect to UVC dose and reflector 

material. 470 

Reflective 

surface 

UV dose 

(mJ/cm2) 

Mean log count 

(CFU/mL) ± SD 
Log reduction 

 
- 0 4.70 ± 0.16  - 

 
Al foil 3.72 4.29 ± 0.01 0.41 

PTFE 5.00 3.56 ± 0.03 1.14 

Al foil 7.42 1.54 ± 0.34 3.16 

PTFE 8.27 0 4.70 

Al foil 11.14 0 4.70 

 
PTFE 13.27 0 4.70 

 
Al foil 14.84 0 4.70 

 
PTFE 16.54 0 4.70 

 
Al foil 18.56 0 4.70 

 
PTFE 21.54 0 4.70 

 

 

Figure 3:  Survival curve for MS2 and S. aureus bioaerosols under UVC exposure.  

Trendlines represent curve fits to the exponential decay equation (Eq 1). 475 
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3.4 Inactivation of Bovine CoV 

Bovine CoV was used as a surrogate for SARS-CoV2 with experiments conducted 

with air treatment system walls lined with PTFE.  BCoV titres were stable in MEM 480 

media (± 10%) for up to 3 h during storage in the atomiser reservoir, with fresh stock 

prepared if required (TCID50/mL = 6.5 log).  Atomisation did not significantly reduce 

the titre.  Optical microscopy images of the tissue culture infectivity assay are shown 

in Figure 4.  The qualitative effect of high BCoV infectivity upon with the confluent 

growth of host cells (Figure 4A), is evident in Figure 4B where the cytopathic effect 485 

can be observed by characteristically rounded and floating ‘inactivated’ host cells.  

Figure 4D represents the effects of UVC air treatment of BCoV, in which the confluent 

growth demonstrates no infectivity from the applied viral particles - the UVC treatment 

has completely inactivated the bovine coronavirus.  The cytopathic effect was 

quantified through the TCID50 method, with data presented in Table 4.  Passage 490 

through the air treatment system in the absence of UVC resulted in reduction of titre 

to 2.4 log ± 0.14.  Based upon the MS2 dilution though the system, the 4 log BCoV 

reduction factor represents an additional 1 log reduction, resulting from 

physical/mechanical stress and/or desiccation effects on this more susceptible 

pathogen.  Complete inactivation (2.4 log being the maximum attainable reduction with 495 

the viability assay used) was observed following passage through the system with the 

lowest UVC dose vs the ‘air only’ controls (0 mJ/cm2).  RT-qPCR demonstrated levels 

of BCoV RNA remained equivalent both pre- and post- UVC treatments. 

Consequently, we conclude that while the viral particles physically remained in the air, 

we demonstrate UVC treatment renders the particles non-infectious.  A similar 500 

molecular based assessment mechanism was reported by Qiao et al (2021) during 

UVC disinfection of bioaerosols, with systematic losses within the duct system similarly 

not observed. 

There is a growing interest in methods to reduce the risk of airborne transmission of 

viral pathogens on farms (Arruda et al., 2019), and to the best of our knowledge this 505 

is the first report of effective UVC inactivation of airborne bovine coronavirus, a 

pathogen which is associated with calfhood diarrhoea (Mebus et al., 1972) and 

implicated as a contributor in the development of bovine respiratory disease complex 

(Ng et al., 2015). 

 510 
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Walker and Ko (2007) conducted research on the UV susceptibility of MS2 and murine 

hepatitis virus (MHV) coronavirus as viral aerosols exposed to a range of UV doses 

(source output at 254 nm), determining that UVC treatment of coronavirus aerosols 

required 7-10 times less energy (UVC dose) than MS2, approximately 2.7 mJ/cm2 for 

1-log reduction of MHV (D90).  Following the 2009 H1N1 influenza (swine flu) 515 

pandemic, McDevitt et al. (2012) demonstrated susceptibility of H1N1 to UVC doses 

ranging from 4 to 12 J/m2 showcasing the potential for effective upper-room UVC 

installations to prevent airborne transmission of influenza.  During the more recent 

pandemic, Biasin et al. (2021) reported 3-log inactivation of SARS-CoV-2 with a UVC 

dose of 3.7 mJ/cm2 but highlighted the variation in literature-reported doses ranging 520 

from 3 to 1000 mJ/cm2.  At approximately the same time, Qiao et al. (2021) reported 

inactivation of porcine respiratory coronavirus in a duct based, single pass UVC 

system.  Using culture-based viability assays they measured inactivation in excess of 

2.2-log at a flow rate of 2439 L min−1 (13.9 mJ cm−2) and 3.7-log at 684 L min−1 (49.6 

mJ cm−2).  The authors also note the challenge of developing high viral load 525 

bioaerosols and the limitations presented by low sensitivity culture-based infectivity 

assays - as such UVC inactivation of coronaviruses could indeed be greater than that 

measured and reported in these studies.  The 3-log coronavirus deactivation at the 

lowest dose attainable in this work (a minimum of 5.0 mJ/cm2 with a single lamp and 

PTFE liner) is therefore well within the expected effective dose with findings concurring 530 

with those reported in the above studies.  

 

Table 4: Viability assessment of bovine CoV following UVC treatment. 

UV dose 

(mJ/cm2)  

Mean TCID50/mL Log reduction Mean qRT-PCR  

Ct ± SD 

0 2.40 ± 0.14 -  

5.00 0.00 2.40 29.80 ± 0.99 

8.27 0.00 2.40 25.20 ± 7.35 

13.27 0.00 2.40 30.65 ± 0.07 
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 535 

Figure 4: Example optical microscopy images of the BCoV tissue infectivity assay (x10 

magnification), A) Negative control; B) Positive control; C) Air only (0 mJ/cm2), note 

the mix of viable cells and floating inactivated cells; D) UVC treated sample (5.0 

mJ/cm2), no evidence of cytopathic effect due to BCoV inactivation. (Scale bar = 0.1 

mm.) 540 

 

3.5 Modelling implementation in real-world scenarios 

Figure 5 shows the number of viral RNA copies, n(t), over time for three indoor room-

based scenarios, where the prototype system is operated at its minimum UVC dose.  

Without the device (A), n(t) continuously rises during the 5 h period, whereas with the 545 

presence of the device in the room upon arrival of the infected subject (B), a low-level 

steady state was quickly achieved (0.49 h to reach 95% of the steady state number) 

and maintained (after 5 h the steady state number of RNA copies remained 82.57% 

lower than in the absence of a device).  In the scenario in which the device was turned 

on 2.5 h after arrival of the infected subject (C), the model predicts the number of RNA 550 

copies to be quickly reduced to that of the 95% steady state (within 0.72 h) and 

constantly maintained at this low level.  The introduction of the system over the 5 h 
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period reduced the relative exposure index (REI) by 81.9% demonstrating a significant 

reduction of the risk of airborne person to person transmission. 

 555 

 

Figure 5. Modelled effect of UVC prototype to reduce aerosolised SARS-CoV-2 from 

a single infector in a 15 m3 room.  A: Device turned off; B: Device switched on at T0; 

C) Device switched on at T 2.5 h.  (Modelling conditions:  Well-mixed air, shedding 

rate of 29.2 RNA copies/s, removal due to biological decay, natural particle deposition 560 

and UVC treatment, UV dose of 5 mJ/cm2, fan flow rate of 1254 L/min.) 

 

4.0 Conclusion  

We demonstrate that single pass UVC air treatment (1254 L/min) can effectively 

inactivate MS2 (6-log reduction), S. aureus (4.7-log reduction) and bovine coronavirus 565 

(2.4-log reduction) with a relatively small footprint prototype (to the limits of detection 

of the assays employed).  Inclusion of a PTFE wall liner generated increased UVC 

reflection permitting additional inactivation of S. aureus and MS2 (approx. 1-log) vs a 

standard Al reflector, demonstrating the potential for reactor engineering to play a role 

in enhancing UV dose to further reduce the system footprint.  Modelling demonstrated 570 

the small prototype to be effective at the lowest UV dose within an indoor setting, 

where a significant reduction in viral DNA copies was quickly achieved and maintained 

A 

B 

C 
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- reducing the relative risk of airborne SARS-CoV-2 transmission from the infected 

subject.  Although the parallel arrangement of the lamps to the air flow provides 

effective exposure of pathogens to the photons, further optimisation of lamp power 575 

and position relative to the reflective surface could be undertaken with the multi-source 

configuration in conjunction with increasing air flow.  Future studies will also be 

directed towards reduction in device footprint and energy consumption, and validation 

of the modelling in simulated and real-world settings. 

 580 
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